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The concept of systemic acquired resistance (SAR) enables a nove1 
approach to crop protection, and particular pathogenesis-related 
proteins, i.e. an acidic chitinase, have been classified as markers of 
the SAR response. Basic class I (VCHIT1 b) and a class 111 (VCH3) 
chitinase cDNAs were cloned from cultured Vitis vinifera 1. cv Pinot 
Noir cells and used to probe the induction response of grapevine cells 
to salicylic acid or yeast elicitor. Furthermore, the cells were treated 
with the commercial SAR activators 2,6-dichloroiso-nicotinic acid or 
benzo(l,2,3)-thiadiazole-7-carbothioic acid S-methyl ester. Elicitor 
or salicylic acid induced both VCHlTl b and VCH3 transcript abun- 
dances, whereas 2,6-dichloroiso-nicotinic acid or benzo(1,2,3)- 
thiadiazole-7-carbothioic acid S-methyl ester enhanced exclusively 
the expression of VCH3. To assess the systemic sensation of chitinase 
expression, single leaves of Vitis vinifera L. cv Pinot Noir or Vitis 
rupestris plants were inoculated with Plasmopara viticola spore sus- 
pensions, and the VCH3 and VCHlTl b mRNA amounts in the in- 
fected versus the adjacent, healthy leaf were monitored. Two VCH3 
mRNA maxima were observed 2 and 6 d postinoculation in the 
infected, susceptible V. vinifera tissue, whereas in the healthy leaf the 
transcript increased from low levels d 2 postinoculation to prominent 
levels d 6 to 8 postinoculation. The level of VCH3 mRNA increased 
also over 4 d in the inoculated, resistant V. rupestris tissue. However, 
necrotic spots rapidly limited the infection, and the VCH3 transcript 
was undetectable in the upper-stage, healthy leaf. The expression of 
VCHlTl b remained negligible under either experimental condition. 
Overall, the results suggest that the selective expression of VCH3 
might be a reliable indicator of the SAR response in V. vinifera 1. 

Field-grown crops are permanently endangered by fun- 
gal pathogens, and extensive farming requires the persis- 
tent control of pathogenic fungal populations. Synthetic 
fungicides are commonly used for pest control, which af- 
fect the inoculum directly and have to be applied fre- 
quently throughout the season, depending on the fungal 
pressure. Moreover, the action spectrum of fungicides is 
often selective and requires the combination of severa1 
active compounds under the auspices of an integrated pest 
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management. A promising alternative that has emerged 
recently is based primarily on strengthening the endoge- 
nous defense capabilities of plants (Kessmann et al., 1997). 
Plants are known to develop an immune-like response 
(SAR) to local fungal challenge, which disseminates 
through the tissues in advance of the fungus (Kuc, 1982; 
Malamy et al., 1990; Kessmann et al., 1994; Ryals et al., 
1996). The SAR response is probably based on multiple 
mechanisms that can lead to long-term and broad- 
spectrum disease control, and SA was proposed to play a 
pivotal role in this process by mediating the local rather 
than the systemic transmission of signals (Metraux et al., 
1991; Malamy and Klessig 1992; Gaffney et al., 1993; Kess- 
mann et al., 1997). Unfortunately, the response to local 
fungal infections could hardly be exploited for crop pro- 
tection, since it is unpredictable in timing and level of 
expression (Kessmann et al., 1997). However, recently de- 
veloped synthetic chemicals such as INA and BTH have a 
priming effect and induce the SAR response in various test 
plants (Metraux et al., 1991; Friedrich et al., 1996; Kess- 
mann et al., 1997). These ”plant activators” appear to re- 
place SA in the pathway leading to SAR (Lawton et al., 
1996), and their effect is dose dependent. 

Fungal challenge of plants causes multiple metabolic 
changes, and the accumulation of PRPs in the intercellular 
space was initially considered unique (Van Loon, 1985). 
Later, PRPs were also recovered from the intracellular 
compartment (Linthorst, 1991; Kombrink and Somssich, 
1995), and the ubiquitous distribution of these proteins in 
plants as well as their highly conserved sequences were 
soon realized. In view of the lack of a particular physio- 
logical function, the common features of classification rec- 
ognized early were the protease resistance and stress in- 
ducibility (Ohashi and Oshima, 1992). However, the 
effective induction of PRPs was also accomplished by low 
concentrations of SA (Pierpoint et al., 1990), suggesting the 
conservation of SA-responsive, cis-active promoter ele- 
ments (Goldsbrough et al., 1993). 

Abbreviations: BTH, benzo(l,2,3)thiadiazole-7-carbothioic acid 
S-methyl ester; INA, 2,6-dichloroisonicotinic acid; PRP, path- 
ogenesis-related protein; SA, salicylic acid; SAR, systemic acquired 
resistance. 
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Meanwhile, some PRPs have been identified as chiti- 
nases or P-1,3-glucanases (Kauffmann et al., 1987; Legrand 
et al., 1987; Kombrink et al., 1988; Joosten and de Wit, 
1989), and specific promoter motifs were identified 
(Fukuda and Shinshi, 1994). Chitinase genes are known to 
be regulated in a developmental and organ-specific pat- 
tern, but stress conditions such as fungal challenge, eliaitor 
treatment, or exposure to ethylene also induced their ex- 
pression (Graham and Sticklen, 1994; Kombrink and Soms- 
sich, 1995). In the case of fungal inoculation, the enhanced 
chitinase activity was functionally implicated in the de- 
fense response directed toward chitin as a major cell wall 
component of most fungi (Schlumbaum et al., 1986; Mauch 
et al., 1988). The combination of chitinase with p-1,3- 
glucanases was proposed to further potentiate the antifun- 
gal activity and was shown experimentally to inhibit the 
growth of many pathogenic fungi (Sela-Buurlage et al., 
1993). Some chitinases inherited lysozyme activity and 
these enzymes may be required for the defense against 
bacterial pathogens (Metraux et al., 1989; Majeau et al., 
1990). 

Five classes of plant chitinases were distinguished on the 
basis of sequence alignments and subcellular topology 
(Melchers et al., 1994), and three of these are ubiquitously 
found in plants (Shinshi et al., 1990; Meins et al., 1992; 
Graham and Sticklen, 1994; Kombrink and Somssich, 1995). 
Class I chitinases are of basic pI and contain an N-terminal 
Cys-rich domain, which supposedly functions in chitin 
binding. Furthermore, a hinge domain was assigned, and a 
C-terminal extension was identified that is essential and 
sufficient for vacuolar localization (Neuhaus et al., 1991). 
Class I1 chitinases, which share highly conserved catalytic 
domains with class I, are distinguished by their acidic pI 
and lack of Cys-rich domains or C-terminal extension and 
are excreted into the extracellular space. Class I11 chitinases 
are characterized by lysozyme activity and insignificant 
sequence homologies with either class I or class 11 chiti- 
nases. At least in Partkenocissus sp. and cucumber (Cucumis 
sativus), the class 111 chitinases appear to be localized in the 
extracellular matrix (Bernasconi et al., 1987; Boller and 
Metraux, 1988). The antifungal potential of class 111 chiti- 
nases is unclear (Melchers et al., 1994). 

Tobacco (Nicotiana tabacum) or Arabidopsis plants ex- 
press the SAR upon fungal inoculation (Ward et al., 1991; 
Uknes et al., 1992), and the systemic response was tightly 
correlated in tobacco with the induced expression of at 
least nine gene families, including class I11 chitinases (Ward 
et al., 1991; Ryals et al., 1996). Local and systemic de novo 
expression of class 111 chitinase was also induced by to- 
bacco mosaic virus infection of tobacco (Lawton et al., 
1992). Furthermore, treatment of tobacco and cucumber 
with SA or INA also caused the strong expression of class 
I11 chitinase (Ward et al., 1991; Lawton et al., 1994) and the 
results obviously suggest that class I11 chitinase transcripts 
can be considered as molecular markers of the SAR re- 
sponse. Nevertheless, specific correlations of chitinase ex- 
pression with SAR were recorded for only a limited num- 
ber of test plants and need to be verified for most crop 
plants (Ryals et al., 1996). Vitis vinifera L., cultivated world- 
wide in warm climates since ancient times, is particularly 

sensitive in Europe to Plasmopara viticola and Uncinula ne- 
cator, the causal agents of downy and powdery mildew 
diseases. These diseases are difficult to control and have 
caused severe losses on severa1 occasions. Despite the eco- 
nomic relevance, surprisingly little basic information is 
available concerning PRPs or the SAR capabilities of grape- 
vine. We therefore initiated model studies in V. vinifera L. 
cv Pinot Noir cell-suspension cultures to identify the pri- 
mary structure and expression of class I and class 111 chiti- 
nases in response to fungal elicitation or treatment with 
commercial plant SAR activators. These studies were ex- 
tended to V.  vinifera L. and Vi t i s  rupestris plants inoculated 
with P. viticola to prove the systemic differential induction 
of the chitinases. 

MATERIALS AND METHODS 

Chemicals, Enzymes, and Materials 

Restriction enzymes, vectors, Esckerickia coli host strains, 
and biochemicals were purchased from Boehringer Mann- 
heim (Pensberg, Germany), MBI Fermentas (St. Leon-Rot, 
France), and Stratagene. [a-32P]dATP was bought from 
Amersham. A11 other chemicals were purchased from 
Sigma or Roth (Karlsruhe, Germany). INA and BTH as 25% 
(or 50%) active ingredients in "wettable powder" and wet- 
table powder lacking the chemicals were kindly supplied 
by H. Kessmann and M. Oostendorp (Novartis, Basel, Swit- 
zerland). Tobacco (Nicotiana tabacum) class I and class I11 
chitinase cDNA clones (Shinshi et al., 1990; Stintzi et al., 
1993) as well as the corresponding antisera were kindly 
provided by M. Legrand (Centre National de la Recherche 
Scientifique, Strasbourg, France). The synthesis of oligonu- 
cleotides was carried out by G. Igloi (Institut für Biologie 
111, Freiburg). 

Plant Materials and Cell Cultures 

Plants of Vi t i s  vinifera L. cv Pinot Noir and Vi t i s  rupestris 
were grown to a height of 0.6 to 0.8 m in the greenhouse at 
28/23"C day and night cycles. Single leaves at the middle 
leaf stage of the intact plants were inoculated with Plasmo- 
para viticola. Tissue- and cell-suspension cultures of V. vinif- 
era L. cv Pinot Noir were propagated as described else- 
where (Busam et al., 1997). 

Funga1 inoculation 

Grapevine plants were infected with freshly collected P. 
viticola (Berk. & Curt. ex de Bary) Berl. & de Toni spores 
that were resuspended in water (approximately 2.5 X 104 
spores mL-') and sprayed as a fine mist to the point of 
imminent runoff on the underside of leaves. The leaves 
were incubated overnight in wet polyethylene bags at ap- 
proximately 100% RH and 23°C. The bags were removed 
subsequently and the locally infected leaves as well as the 
younger, next stage healthy leaves were collected at time 
intervals. Harvested tissues were frozen in liquid nitrogen 
and stored at -70°C. 
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lnduction of Cell Cultures 

Ten-day-old cultures were treated with either yeast ex- 
tract (1 mg mL-l; Difco, Detroit, MI), live Pseudomonas 
syringae pv syringae (D20) cells (1 X 109 cells/40 mL cul- 
ture), sterile-filtered aqueous solutions of SA (final concen- 
tration 20 p ~ ) ,  or suspensions of INA and BTH, formulated 
as 25 and 50% active ingredients in wettable powder, re- 
spectively. The final concentrations of INA or BTH in the 
grapevine cell-suspension cultures were 25 p ~ .  Wettable 
powder lacking INA or BTH at a final concentration of 0.15 
mg/40 mL culture served as a control. The cells were 
harvested by vacuum filtration at time intervals of the 
induction, frozen immediately in liquid nitrogen, and 
stored at -70°C until use. 

cDNA Cloning 

A cDNA library in UNI-ZAP (Stratagene) was estab- 
lished from poly(A+) RNA (5 pg) of cultured V. vinifera L. 
cv Pinot Noir cells that had been elicited for 4 h with yeast 
extract, and one clone was selected by three rounds of 
plaque-hybridization screening at low stringency of ap- 
proximately 2 X 105 recombinants using a 32P-labeled to- 
bacco class I chitinase cDNA probe (Shinshi et al., 1990). 
The AZAP clone VCHITlb rescued by in vivo excision 
harbored an insert of approximately 1.2 kb. Hybridization 
screening of the cDNA library with a tobacco class I11 
chitinase cDNA (Stintzi et al., 1993) failed, and a Vitis- 
specific class I11 chitinase cDNA probe was generated by 
reverse-transcription-PCR amplification. Poly(A+) RNA (1 
pg) from cultured V. vinifera cells that had been elicited for 
4 h with yeast extract was used as a template for amplifi- 
cation with degenerate oligonucleotide primers comple- 
mentary to conserved peptide regions of class I11 chiti- 
nases. The combination of the sense primer 5’-TAT TGG 
GGC/T CAA AAC/T GGC/A/G AAC/T GA-3‘, corre- 
sponding to the peptide motif YWGQNGNE, and the an- 
tisense primer 5‘-GG A/GTT A/GTT GTA A/GAA TTG 
AAT/ C CCA-3’, derived from the peptide W(I/V)Q- 
FYNNP, amplified a 550-bp fragment, which was sub- 
cloned in pBluescript KS I1 and sequenced for identifica- 
tion. Five clones were selected from the Vitis sp. cDNA 
library in three rounds of hybridization screening using the 
32P-labeled cDNA probe under stringent conditions. The 
plasmids (pBluescript SK+) of the VCH3 clones were res- 
cued following the in vivo excision protocol for AZAP 
(Stratagene) and were shown to harbor inserts of approx- 
imately 1.1 kb. Both strands of the double-stranded DNA 
were sequenced by the dideoxy-chain-termination method 
(Sanger et al., 1977) using modified T7 DNA polymerase 
(Sequenase, United States Biochemical) and combinations 
of universal (M13) or reverse sequencing (RP) primer in 
addition to sequence-derived primers. 

Northern-Blot Hybridization 

Total RNA was isolated from deep-frozen Vitis sp. cells 
according to the method of Chang et al. (1993). Poly(A+) 
RNA of the cells was isolated using oligo(dT)-magnetic 

microspheres (Dynal, Hamburg, Germany) according to 
the manufacturer’s recommendations or to the work of 
Hankanes et al. (1993). The RNA was stored at -20°C in 
water until use and quantified spectrophotometrically 
(Gene-quant, Pharmacia). Equivalent amounts of RNA 
were denatured in formamide] formaldehyde and sepa- 
rated by electrophoresis on 1.2% agarose gels in the pres- 
ente of formaldehyde and ethidium bromide (0.5 pg 
mL-*) prior to blotting on nylon membranes (Sambrook 
et al., 1989). Equal loading of samples was verified after 
the gel was run under UV irradiation and photographic 
documentation. The chitinase cDNAs VCHITlb and 
VCH3 were labeled with digoxigenin-11-dUTP using the 
DIG-High Prime labeling kit (Boehringer Mannheim) ac- 
cording to the manufacturer’s recommendations. Hybrid- 
ization with either one of these probes was carried out at 
42°C overnight in a solution containing 50% formamide. 
The hybridization signals were spotted after stringent 
washings with disodium 4-chloro-3-(methoxyspiro{~,2- 
dioxetane-3, 2‘-(5’-chloro)-tri-cyclo[3.~.1.l]decan)-4-yl)-phe- 
nyl phosphate (Boehringer Mannheim) as the substrate 
following the manufacturer’s recommendations. The mem- 
branes were stripped for 20 min in boiling buffer contain- 
ing 0 . 0 1 ~  SSPE and 0.1% SDS and subsequently washed 
twice with a solution of 2x  SSC and 0.1% SDS at room 
temperature before rehybridization. 

Southern Hybridization 

Genomic DNA was isolated from the leaves of 8-week- 
old V. vinifera L. cv Pinot Noir plantlets (Steenkamp et al., 
1994) and samples of 10 pg were digested with one of the 
endonucleases EcoRI, PstI, or HindIII or with both EcoRI 
and PstI. The restriction fragments were separated by 
electrophoresis on a 0.7% agarose gel and blotted by down- 
ward capillary transfer (Zhou et al., 1994) to nylon 
membranes. The blots were hybridized with digoxigenin- 
labeled VCHITlb or VCH3 cDNAs at 65°C overnight, 
washed subsequently under stringent conditions (Sam- 
brook et al., 1989), and developed with disodium 4- 
chloro3-(methoxyspiro(1,2-dioxetane-3, 2’-(5‘-chloro)-tri- 
cyclo[3.3.l.l]decan)-4-yl)phenyl phosphate (Boehringer 
Mannheim) according to the manufacturer’s recommenda- 
tions. 

RESULTS 

Chitinase cDNAs 

Cell-suspension cultures of V. vinifera L. cv Pinot Noir 
were established for model investigations of the mecha- 
nisms involved in the inducible grapevine disease resis- 
tance response (Busam et al., 1997). Cells elicited for 4 h 
with yeast extract served as a source of poly(A’) RNA for 
the construction of a cDNA library in UNI-ZAP, and one 
clone, designated VCHITlb, was isolated from this library 
by hybridization screening with a class I chitinase cDNA 
from tobacco (Shinshi et al., 1990). This clone harbored an 
insert of 1124 bp, which was fully sequenced and shown to 
contain only one long open reading frame, spanning 942 
bp, flanked by stretches of 11 and 171 bp at the 5’ and 3’ 
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ends, respectively (Fig. 1). The open reading frame en- 
coded a polypeptide of 314 amino acid residues, which 
revealed a molecular mass of 33,428 D for the translated 
polypeptide (Fig. 1). Three stop codons and two putative 
polyadenylation sites were recognized in the 3' flanking 
region, which were followed by a short poly(A) tail (Fig. 1). 

Sequence alignments of VCHITlb with heterologous 
class I chitinases (Gaynor, 1988; Parsons et al., 1989; Shinshi 
et al., 1990) indicated high degrees of identity of about 70 
and 53 to 70% at the DNA and peptide level, respectively 
(Fig. 2), clearly suggesting that the cDNA cloned from V. 
vinifera encoded a class I chitinase. Moreover, sequence 
domains typical for this class of chitinase, such as a hydro- 
phobic signal peptide of 20 amino acid residues followed 
by a Cys-rich region (8 conserved Cys residues) with ho- 
mology to wheat germ agglutinin (Raikhel and Wilkins, 
1987), were recognized in the polypeptide sequence (Fig. 
2). The signal peptide is likely to be required for intracel- 
lular trafficking of the enzyme to the ER, and the Cys-rich 
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Figure 1. cDNA and translated amino acid sequences of Vitis basic 
class I chitinase (VCHITlb). The nucleotide and amino acid residues 
are numbered in the left and right margins, respectively, and poly- 
adenylation signals are underlined. The first termination codon is 
marked by an asterisk. 

r simal peptlde 1 r qsteine-nch domain 
Vitis , . . . _ . . , . .  MGLWALVAFC LLSLILVGSA --EQCGGQAG GRVCPGGACC SKFGWCGNTA 48 
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r hlnge I cataiytlC domain 
Vitis DYCGSG-CQS QCSST----- --GDIGQLIT RSMFNDMLKH RNEGSCPGKG PYTYDAFIAA 100 
Nicotiana ""P'N+*+ '*PGGPTPPG G-"L*SI'S S***DQ"*'  *'DNA'Q'+' "S'N*"N' 110 
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Nicotiana T-+G'*"'p *+*+F"'** ****..*+.p C+R+**".L * + * * * * + * + p  "+,1S*L'+ 227 
Solanum p**s.***+p *.*.F*'*** *'*H*****P C*R.*'*"L "'*+*.**P '*'*'*'L" 235 
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Populus +'N'HTGA** '*E**'*E*S +'E'lIE"* K***'ML*+* +TN'G**T*D GKTRQ*N**D 276 

I C-terminal extension 
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Figure 2. Alignment of basic class I chitinase polypeptides from V. 
vinifera (VCHIT1 b), N. tabacum (Shinshi et al., 1990), Solanum 
tuberosum (Caynor, 1988), and Populus tremuloides (Parsons et al., 
1989). The Cys-rich domain was additionally compared with the 
sequence of wheat germ agglutinin (Rhaikel and Wilkins, 1987). 
Dashes indicate gaps introduced for maximal alignment, and aster- 
isks replace identical amino acid residues. The catalytic consensus 
sequence of chitinases (Meins et al., 1992) is printed in bold. 

domain was proposed to b e  essential for high chitinase 
activity (Graham and Sticklen, 1994). Nevertheless, the 
hinge domain of only three amino acid residues, SST, pre- 
ceding the catalytic domain in VCHITlb was compara- 
tively short and lacked the more common Pro or Gly res- 
idues, whereas the major catalytic domain was strictly 
conserved in comparison with heterologous class I chiti- 
nases (Meins et al., 1992; Fig. 2). In addition, VCHITlb 
encoded a conserved C-terminal element of at least seven 
amino acid residues, which is sufficient for trafficking of 
the enzyme to the vacuole (Neuhaus et al., 1991). Thus, 
VCHITlb is conceivably deposited in grapevine vacuoles, 
and the presence of the C-terminal extension and the Cys- 
rich domain as well as the pI of 7.90 classify the enzyme as 
a basic type class I chitinase. 

Analogous hybridization screenings of the V. vinifera 
cDNA library with a class I11 chitinase cDNA probe from 
tobacco (Stintzi et al., 1993) failed to pick out correspond- 
ing clones. Therefore, the reverse-transcription-PCR ampli- 
fication of a grapevine-specific cDNA probe was pursued 
using two cDNA primers complementary to highly con- 
served peptide sequences of heterologous class I11 chiti- 
nases and a poly(A+) RNA template from elicited V. vinif- 
era cells. The PCR-amplified 550-bp DNA fragment was 
sequenced and revealed approximately 66% identity to 
class I11 chitinases from tobacco, cucumber, and Arabidop- 
sis (Metraux et al., 1989; Samac et al., 1990; Stintzi et al., 
1993). Stringent hybridization screenings of the V. vinifera 



Differential Expression of Chitinases in Vitis vinifera 1033 

cDNA library with this probe and DNA sequencing se- 
lected a clone of 1061 bp, designated VCH3. The insert of 
this clone contained one long open reading frame of 903 bp 
encoding a polypeptide of 301 amino acid residues, which 
was flanked by 19- and 139-bp sequences (Fig. 3). Only one 
polyadenylation site was detected in the downstream re- 
gion followed by a short poly(A) tail (Fig. 3), and sequence 
alignments revealed about 65% identity of the VCH3 cDNA 
sequence with class 1111 chitinase cDNAs from tobacco, 
cucumber, and Arabidopsis (Metraux et al., 1989; Samac et 
al., 1990; Stintzi et al., 1990). The relatively low leve1 of 
homology of VCH3 cDNA with the tobacco sequence ex- 
plained the failure of cross-hybridization in heterologous 
screenings. Nevertheless, the antiserum generated to the 
tobacco class I11 chitinase recognized the corresponding V. 
vinifera enzyme expressed in E. coli (G. Busam, unpub- 
lished data) and corroborated the identity of the isolated 
cDNA. 

A molecular mass of 32,349 D was calculated for the 
translated VCH3 polypeptide (Fig. 3), and also the peptide 
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ATTCGGCACGAGTGCAAGA 

ATG GCT AGA ACC CCC CAA TCC ACA CCT CTG CTC ATC TCC CTC TCA 
M A R T P Q S T P L L I S L S  

GTC CTA GCC CTC CTC CAG ACC TCT TAT GCT GGT GGC ATC GCA ATC 
V L A L L Q T S Y A G G I A I  

TAC TGG GGC CAA AAC GGC AAT GAA GGG ACC CTA ACC CAA ACC TGC 
Y W G Q N G N E G T L T Q T C  

AAC ACC GGA AAA TAC TCC TAC GTT AAC ATA GCC TTC CTC AAC AAG 
N T G K Y S Y V N I A F L N K  

TTC GGC RRT GGC CAG ACC CCT GAA ATC RRC CTT GCT GGC CAT TGC 
F G N G Q T P E I N L A G H C  

AAC CCT GCT TCC AAT GGC TGC ACC TCC GTC AGT ACC GGC ATA AGA 
N P A S N G C T S V S T G I R  

AAC TGC CAA AAT CGA GGC ATT AAG GTC ATG CTC TCT ATA GGT GGT 
N C Q N R G I K V M L S I G G  

GGG GCT GGA AGT TAC TCT CTG TCC TCT TCC AAT GAT GCC CAA AAC 
G A G S Y S L S S S N D A Q N  

GTA GCC AAT TAT CTG TGG AAC AAC TTC TTG GGA GGA CAA TCA TCG 
V A N Y L W N N F L G G Q S S  

TCT CGG CCA TTA GGT GAT GCA GTA TTA GAT GGC ATA GAC TTC GAC 
S R P L G D A V L D G I D F D  

ATC GAG CTC GGT TCG ACC CTG CAC TGG GAT GAC CTT GCT CGA GCC 
I E L G S T L B W D D L A R A  

TTA TCC CGT ATC GAG TTT CAG CAA GAG CGT GGA AGG AAG GTA TAC 
L S K I E F Q Q E R G R K V Y  

CTC ACT GCA GCC CCT CAA TGT CCA TTC CCA GAT AAG GTC CCT GGC 
L T A A P Q C P F P D K V P G  

ACT GCC CTT AAC ACA GGC CTT TTT GAC TAT GTC TGG GTG CAA TTC 
T A L N T G L F D Y V W V Q F  

TAT AAC AAT CCC CCA TGC CAG TAT TCT TCT GGC AAC ACC AAT AAC 
Y N N P P C Q Y S S G N T N N  

CTT CTG AAT TCA TGG AAC CGG TGG ACT TCA TCG ATA AAT TCC ACG 
L L N S W N R W T S S I N S T  

GGA TCC TTC ATG GGC CTG CCG GCA TCC TCT GCA GCT GCC GGA AGG 
G S F M G L P A S S A A A G R  

GGG TTT ATT CCG GCC AAT GTG TTG ACC TCT CA4 ATT CTT CCG GTC 
G F I P A N V L T S Q I L P V  

ATT AAG AGA TCA CCC AAG TAT GGA GGC GTG ATG CTG TGG TCR AAG 
I K R S P K Y G G V M L W S K  

TAC TAT GAT GAT CAG AGT GGA TAC AGC TCT TCC ATT AAG AGC AGT 
Y Y D D Q S G Y S S S I K S S  

GTG TGA ACTGGGTGTTAGTCTATCTATATCAGTTGTAATAATATATTGeGCTT 
v *  

TCATCCTCGATGAATGTATGGATRAAGTGAAAGAGAATATTATGGAGAATATAGTATGA 
A G A A T T A T P  
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Figure 3. cDNA and translated amino acid sequences of Vitis sp. 
acidic class 111 chitinase (VCH3). The nucleotide and amino acid 
residues are numbered in the left and right margins, respectively, and 
the single polyadenylation signal i s  underlined. Two termination 
codons are marked by asterisks. 

r chitinase 
Vitis ---MARTPQS TPLLISLSVL ALLQTSYAGG IAIYWGQNGN EGTLTQTCNT GKYS'NNIAF 57 

32 HevBa ........._ .......... ....._..+. ill.l,,,.* .'..*".S* R*"**.*** 
&-is .-."AHKIT 'T'S'FFLLS SIFRS*D*A+ t * + i + t t * f i  +*S+AS'+A' +N'EF*+"' 57 
kabidopsis MTN+TLRKHV IYF*FFSCS' SKPSDASR" ***++****+ "N'SA"A' 'R'A**+V" 60 
Nicotiana ------ MIKY SF"TA'YLF LRALKLE**D +V**"**** +'S*AD**A* NN'AI'+"' 54 

Vitis LNKFGNGQTP EIUGHCNP ASNGCTSVST GIRNCQNRGI KVMLSIGGGA GSYSLSSSND 117 
Hevea * * + * * / * * * *  Q.*"""' +AG**'I**N "'S"IQ.1 *-".L*.*I .**T*A*QA' 91 

Vitis IKSSV 
Hevea *LD*' 
cucumis **G+IG 
Arabidopsis *LA+* 
Nicotiana **AN+ 
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Figure 4. Alignment of class 111 chitinase polypeptides from Vitis sp. 
(VCH3), Hevea brasiliensis (Jekel et al., 1991 ), C. sativus (Metraux et 
al., 1989), Arabidopsis thaliana (Samac et al., 19901, and N. tabacum 
(Stintzi et al., 1993). Dashes indicate gaps introduced for maximal 
alignment, and asterisks replace identical amino acid residues. The 
consensus sequence of the mature chitinase (Meins et al., 1992) is 
printed in bold. 

sequence revealed about 65% sequence identity to class I11 
chitinases from tobacco, cucumber, Arabidopsis, or H. bra- 
siliensis (Fig. 4) and complied fully to the consensus se- 
quences proposed for class I11 chitinases (Meins et al., 
1992). VCH3 cDNA encoded a hydrophobic signal peptide 
of 24 amino acid residues, which is required for the Golgi 
passage and cellular excretion of the enzyme, and this 
signal peptide lacked sequence similarity to any of the 
signal peptides of heterologous class 111 chitinases or of 
VCHITlb (Fig. 4). 

Leaf DNA of young V. vinifera plants was used for the 
restriction with the endonucleases EcoRI, EcoRIl PstI, PstI, 
or HindIII, and the Southern hybridization analysis was 
carried out with digoxigenin-labeled VCHITlb or VCH3 
cDNA probes. The cDNAs hybridized with varying inten- 
sities to severa1 bands in each of the restriction digests, 
suggesting that both the class I and class 1111 chitinases of 
grapevine are encoded by small gene families. 

Expression of Chitinases in Response to Elicitation or 
Chemical Activation of Cells 

The systemic expression of chitinases had been observed 
in some test plants and was regarded as an indicator of the 
systemic acquired disease resistance response (Ward et al., 
1991; Lawton et al., 1992, 1994). Accordingly, the expres- 
sion of VCHITlb and VCH3 was studied in grapevine cell 
cultures in response to treatment with biotic elicitors or 
low, nontoxic concentrations of SA, INA, or BTH. The 
elicitation with yeast extract induced the expression of both 
VCH3 and VCHITlb transcripts over the 24-h period of the 
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Figure 5. Northern-blot hybridizations of class I (VCHIT1 b) and class
III (VCH3) chitinase transcripts isolated from V. vinifera cells that had
been treated for various times with yeast extract (1 mg ml"1)- The
total RNA of the cells (7.5 /ng/lane) was separated, and the blots were
developed with digoxigenin-labeled VCHlTlb or VCH3 cDNA
probes.

experiments, commencing after a lag of about 1 h (Fig. 5),
and the size of the hybridizing bands of about 1.2 and 1.3
kb for VCH3 and VCHlTlb, respectively, suggested an
average degree of mRNA polyadenylation. The induction
intensities differed considerably, however, showing strong
hybridization signals for VCHlTlb and rather weak signals
for VCH3. Furthermore, VCHlTlb mRNA appeared to be
absent from noninduced cells, whereas significant, albeit
low, constitutive expression of VCH3 was observed. In
different sets of experiments, an aqueous suspension of live
P. syringae pv syringae cells was used as a second biotic
elicitor, which caused the rapid and transient induction of
VCH3 mRNA in the grapevine cells with a maximum at
2 h, whereas VCHlTlb mRNA was not significantly in-
duced (Fig. 6). These results convincingly documented that
the two grapevine chitinases belong to different regulatory
groups of enzymes and can be differentially expressed
depending on the quality of the biotic elicitor.

To assess the capabilities of grapevine cells for the SAR
response, which is supposedly associated with the differ-
ential expression of chitinases as postulated for some other
plants (Ward et al., 1991; Lawton et al., 1994), the grapevine
cell cultures were treated with INA or BTH. The addition of
INA strongly induced the transcription of VCH3 over the
24-h period of the experiments, following a lag of about 1 h,
whereas the expression of VCHlTlb remained at low levels
(Fig. 6). A very similar pattern of induction was observed
in response to the BTH treatment (Fig. 7), and the results

resemble those observed in the grapevine cells upon chal-
lenge with P. syringae pv syringae. No induction was ob-
served in control cultures treated with water or with the
formulation aid (wettable powder) lacking INA or BTH. As
a further control, the grapevine cultures were treated with
SA (Fig. 7), and the transiently enhanced amounts of both
VCH3 and VCHlTlb transcripts (reaching maximal values
at 4 h) were recorded (Fig. 7). The results unequivocally
demonstrated that grapevine cells are capable of respond-
ing to chemicals such as INA or BTH, which have been
proposed as SAR activators (Kessmann et al., 1997), and
that the pattern of expression of the class I and class IIII
chitinases is directly comparable to the pattern reported for
cucumber or tobacco test plants (Ward et al., 1991; Lawton
et al., 1994). The differential kinetics of induction moreover
suggested that the mode of action of INA and BTH differed
from that of SA, and it is unlikely that the SAR activators
mimic the action of SA, as had been suggested earlier
(Ryals et al., 1996).

Systemic Induction of Chitinases

Single leaves of healthy V. vinifera or V. rupestris plantlets
raised in the greenhouse were inoculated with spore sus-
pensions of P. viticola, the causal agent of the downy mil-
dew disease. The inoculated leaves as well as the healthy
leaves of the younger, next stage were harvested at various
time intervals of incubation for northern probing of chiti-
nase transcripts. The transient, biphasic induction of VCH3
mRNA abundance to maximal values at 2 and 6 d was
observed in the inoculated leaf tissue (Fig. 8). V. vinifera is
susceptible to P. viticola infection and macroscopic signs of
damage were first visible after 5 d. A corresponding pat-
tern of induction, although of much weaker intensity, was
observed in the tissues of the next younger leaf stage (Fig.
8), which were confirmed as being healthy by microscopic
examination throughout the experiment (10 d). In contrast
to the infected tissue, however, hybridization signals of
equivalent intensities were observed at d 6 and 8 for the
systemic induction response (Fig. 8). The different kinetics
of the systemic versus the local response may be caused by
the destruction of the infected leaf tissue, which became
obvious after 7 d of incubation. The expression of VCH3
was not induced in control tissues of either leaf stage (Fig.
8, lanes 1 and 8). Very similar observations were made on
leaves of V. vinifera. plantlets infected with Uncinula neca-

Figure 6. Accumulation of class I (VCHlTlb)
and class III (VCH3) chitinase mRNAs following
treatment with P. syringae pv syringae (1 X 109

cells/40 ml culture) or INA (final concentration
25 /J.M). Poly(A+) RNA was extracted from Vitis
cells at various times after the addition of P.
syringae pv syringae or INA and subjected to
northern hybridization (0.7 /j.g/lane) with
digoxigenin-labeled VCHlTlb or VCH3 cDNAs
probes, respectively.

VCH3

VCHlTlb

PSS INA
6 18 24' 0 2 4 6 24' [h]

• 1.2kb

1.3kb
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BTH C SA
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VCH3
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- 1.3kb

Figure 7. Accumulation of class I (VCHlTlb)
and class III (VCH3) mRNAs in Vitis sp. cells
following treatment with BTH (final concentra-
tion 25 JAM) or SA (final concentration 20 /IM).
The total RNA was extracted from the cells at
various times after the addition of BTH or SA
and subjected to northern hybridization (7.5 /xg/
lane) with digoxigenin-labeled VCHlTlb and
VCH3 cDNA probes. The mock inoculation of
cell cultures for 24 h (C24) with the formulation
aid lacking an active ingredient (wettable pow-
der) served as a control.

for, the causal agent of powdery mildew, although much
less systemic induction was observed under the experi-
mental conditions (G. Busam, unpublished data). The P.
viticola inoculation of single leaves of V. rupestris, which is
resistant to the downy mildew fungus, caused the devel-
opment of very small necrotic lesions within 4 d and the
fungus did not grow any further. The VCH3 transcript
abundance increased steeply in the inoculated tissue and
culminated with prominent hybridization signals in a tran-
sient maximum after 4 d (Fig. 9). The intensity leveled off
later, and the induction characteristic resembled those ob-
served with V. vinifera. However, no systemic enhancement
of VCH3 mRNA was detected over the time of the exper-
iment (7 d; Fig. 9).

In neither Vitis sp. did the inoculations cause the signif-
icant induction of VCHlTlb mRNA abundance and the
constitutive expression of this mRNA stayed rather weak.
These data emphasize that the expression of VCH3, but not
VCHlTlb, is preferentially modulated in grapevine plants
responding to fungal challenge, and grapevine plants are
capable of responding systemically to local infections. The

VCH3

0
Control

1 2 3 4 6 8 10 1 8

m m
[d]

- 1.2kb

B
Control

0 1 2 3 4 6 8 10 1 8 [d]

VCH3

Figure 8. Transcript abundance of class III chitinase (VCH3) in leaf
tissues of fungus-infected V. vinifera plants. Single lower leaves of the
susceptible V. vinifera cultivar were inoculated with P. viticola (lanes
2, 5 x 104 spores ml_~'), and the infected leaves (A) and the younger
leaves of the next stage (B) were harvested over the next 10 d for
northern blotting of the RNA. Leaves of healthy plants grown in the
same growth chamber were harvested at d 1 or 8 and used as a
control. The total RNA was extracted and subjected to northern
hybridization (10 /ig/lane) with the "P-labeled VCH3 cDNA probe.

differential expression of chitinases may be considered a
characteristic factor to evaluate the SAR response in
grapevine.

DISCUSSION

The intriguing SAR concept was developed initially for
cucumber and tobacco. Although the chemical nature of
the systemic signal and the molecular mechanisms in-
volved are still a matter of investigation, the usefulness of
the concept for commercial plant protection is being stud-
ied, and the synthesis of chemicals such as INA and BTH,
which activate the plants' SAR, has spurred the committed
research. The systemic induction of lytic enzyme activities
was correlated with the expression of SAR (Binder et al.,
1989) and the differential expression of chitinases in ad-
vance of the fungus was considered a convenient indicator
of successful signaling. Grapevine is a rewarding target of
SAR research because it is a crop of worldwide economic
importance, which is prone to several devastating fungal
diseases and requires the frequent application of fungicides
(Braun, 1995; Agrios, 1997). The relevant literature, how-

VCH3

0 1 2 3 4 5 6 7 [ d ]

1.2kb

B
2 3 4 5 6

VCH3

1 [d]

I- 1.2 kb

Figure 9. Transcript abundance of class III chitinase (VCH3) in leaf
tissues of fungus-inoculated V. rupestris plants. Single, lower leaves
of the resistant V. vinifera sp. cultivar, were inoculated with P.
viticola (lanes 2, 5 x 10" spores ml"'), and the infected leaves (A)
and the younger leaves of the next stage (B) were harvested over the
next 7 d for northern blotting of the RNA. The total RNA was
extracted and subjected to northern hybridization (10 /ig/lane) with
the 32P-labeled VCH3 cDNA probe.
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ever, has focused mainly on the accumulation of phytoa- 
lexins (Langcake and Pryce, 1976; Blaich and Bachmann, 
1980; Melchior and Kindl, 1990) rather than on the potential 
for induced resistance. 

In this report, two chitinases with high sequence homol- 
ogies to heterologous chitinases (Figs. 2 and 4; Meins et al., 
1992) were characterized from cell cultures of V. vinifera 
(Figs. 1 and 3). VCHITlb was grouped to the basic class I 
chitinases targeted to the vacuole (Neuhaus et al., 1991) 
and VCH3 was assigned to the class I11 chitinases that 
represent bifunctional, lysozymal enzymes (Metraux et al., 
1989) and are secreted into the extracellular space (Boller 
and Metraux, 1988; Jekel et al., 1991). The in situ translation 
of VCHITlb and VCH3 in Vitis sp. cells was verified by 
western-blot cross-reactions with rabbit antisera raised to 
tobacco class I and class 111 chitinases and the immunode- 
tection revealed masses of about 29 and 28 kD for the 
mature class I and I11 grapevine chitinases (G. Busam, 
unpublished). Furthermore, in comparison with the poly- 
peptides translated from the cDNAs (Figs. 14), the data 
demonstrated that both chitinases had been processed 
posttranslationally. The DNA restriction patterns observed 
on Southern blotting suggested that the grapevine chiti- 
nases are encoded by small gene families, which is remi- 
niscent of the class I11 chitinases in cucumber (Lawton et 
al., 1994). These findings are supported by the very recent 
IEF and PAGE distinction of up to 13 forms of chitinases 
from various grapevine tissues (Derckel et al., 1996), some 
of which were induced after SA treatment. 

Low, albeit significant, levels of VCH3 transcripts were 
expressed constitutively in the grapevine culture (Fig. 5), in 
contrast to the tissues of differentiated plants (Figs. 8 and 
9). This might be attributed to the hormone status, since 
chitinase expression in tobacco is known to be regulated by 
auxin or cytokinins (Shinshi et al., 1987). Treatment of V. 
vinifera cell cultures with yeast elicitor considerably en- 
hanced the abundance of both chitinase mRNAs, although 
the effect was less pronounced on VCH3 (Fig. 5) and the 
observed enhancement suggested the induction of de novo 
transcription. In contrast, treatment of the cells with INA or 
BTH, which were characterized as SAR activators (Kess- 
mann et al., 1997), increased exclusively the amounts of the 
VCH3 transcripts (Figs. 6 and 7) and basically the same 
effects were observed upon treatment of the cell cultures 
with live P. syringae pv syringae (Fig. 6) .  INA and BTH had 
been considered to mimic the action of SA (Ryals et al., 
1996). Control experiments, however, clearly revealed the 
diverse responses of the Vitis sp. cells upon SA or INA and 
BTH treatments (Figs. 6 and 7). Overall, the results sug- 
gested that Vitis sp. basic class I chitinase is not associated 
with the response to SAR activators, which is in accordance 
with reports for Arabidopsis or tobacco (Ward et al., 1991; 
Uknes et al., 1992). The class I11 chitinase, on the other 
hand, was evidently up-regulated in response to bacterial 
or funga1 elicitation (Figs. 5 and 6) as well as to the chem- 
ical activation by INA and BTH (Figs. 6 and 7), and the 
expression of VCH3 appeared synonymous with the acti- 
vation of disease resistance in grapevine. These data are 
fully compatible with the results reported previously for 
cucumber (Lawton et al., 1994) and corroborated the idea 

’ 

that grapevine cells are capable of responding to plant 
activators (Kessmann et al., 1997) analogously to cucum- 
ber, tobacco, and Arabidopsis test plants. Moreover, the 
mode of action of INA or BTH differed substantially from 
the action of SA as documented by the divergent induction 
kinetics and the additional rapid induction of VCHITlb 
(Figs. 6 and 7). 

In conclusion, the results suggested that INA and BTH 
act more selectively than SA. Plants like tobacco metabolize 
SA rapidly, particularly by glucosidic conjugation (Lee et 
al., 1995), whereas the conjugate N-salicyloylaspartic acid 
was isolated from Vitis sp. cultivars (Rapp and Ziegler, 
1973; Steffan et al., 1988). Furthermore, inoculation of V.  
vinifera with P. viticola reportedly induced gentisic acid 
5-O-P-glucoside rather than salicylic conjugates (Weber, 
1992), and the physiological relevance of SA and gentisic 
acid for the SAR response of grapevine needs further 
research. 

Healthy, young plants of V. vinifera L. cv Pinot Noir, a 
cultivar that is highly susceptible to powdery or downy 
mildew infections, and of the resistant species V.  rupestris 
were used to assess the systemic induction of chitinase 
expression through different leaf stages. Low levels of 
VCHITlb transcripts were constitutively expressed in these 
plants, whereas VCH3 transcripts were virtually absent 
from unchallenged leaves (Figs. 8 and 9). The inoculation of 
single, lower-stage leaves with P. viticola did not cause 
significant changes of the VCHITlb expression in either the 
inoculated or the next stage, healthy leaves. However,, 
prominent changes in the abundance of VCH3 transcripts 
were induced in the inoculated leaves of V.  vinifera., result- 
ing in two transient maxima at 2 and 6 d (Fig. 8). The 
reason for the biphasic induction is unclear and might 
reflect different growth or sporulation stages of the fungus. 
More importantly, however, the abundance of VCH3 
mRNA increased also transiently in the healthy tissue of 
the younger, next-stage leaf (Fig. 8), which strongly sug- 
gested that grapevine is capable of generating the SAR 
response. The interaction of P. viticola with V.  rupestris is 
incompatible and the containment of the fungus in tiny 
necrotic lesions in the inoculated leaves (hypersensitive 
response) was very effective. Coincidentally with the de- 
velopment of necrotic lesions, a transient maximum of 
VCH3 mRNA was observed (Fig. 9), whereas no VCH3 
transcript could be detected in the healthy tissue of the 
next-leaf stage (Fig. 9). However, the systemic induction of 
resistance is not necessarily linked to hypersensitivity 
(Delaney, 1997) and might appear unnecessary under the 
short-term exposure of plant tissues in this specific patho- 
gen interaction. The conclusions drawn from the inocula- 
tion studies are in accord with the pertinent literature 
(Ward et al., 1991; Lawton et al., 1994; Ryals et al., 1996) 
and support the concept of systemic differential PRP in- 
duction likely concomitantly with the SAR response for 
grapevine plants. The concept was further supported by 
preliminary observations of V. vinifera or V.  rupestris plants 
sprayed with the SAR activator BTH, which again predom- 
inantly induced the VCH3 mRNA (G. Busam, unpublished 
data). 
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